Simple cobalt modifying on flower-like NiO positive electrode active materials for electrochemical capacitors was investigated for improving their rate capability. Soaking an NiO-deposited Ni foam positive electrode in a cobalt acetate aqueous solution and the following heat treatment realized uniform modification of Co oxides on the NiO positive electrode. A hybrid capacitor (HC) cell was constructed with the activated carbon negative electrode and cobalt modified or non-modified NiO positive electrode in 10 M KOH aqueous solution. The HC cell with the cobalt modified NiO positive electrode showed excellent high-rate dischargeability. The cobalt modifying was effective for reducing cell resistance due to the formation of cobalt oxyhydroxide with higher electrical conductivity than NiO during the first charging. Consequently, the HC cell with the cobalt modified NiO electrode showed high specific power even at high discharge currents.
Introduction
Aqueous HCs have non-flammability or high safety, but their small energy density limits their application. Previously, we investigated aqueous HCs which were composed of the Ni(OH) 2 and NiO as the positive electrode active material and activated carbon (AC) as the negative electrode active material in KOH aqueous solution. 1, 2 The NiO electrode showed large overpotential for oxygen evolution reaction, leading to a wide electrochemical window and high cell voltage of 1.5 V which exceeded the theoretical decomposition voltage of water (1.2 V). We prepared flower-like porous NiO active material on an Ni foam current collector by the chemical bath deposition (CBD) method which was named as NiO(CBD). 2 The HC cell with the NiO(CBD) positive electrode showed high cell voltage and high energy density, 2 but its high-rate dischargeability (HRD) was not superior to the conventional NiO electrode which was prepared from the commercial sintered Ni(OH) 2 electrode probably because the electrical conductivity of the NiO active material and Ni foam current collector was not so high.
In this paper, we investigated a simple cobalt modifying method to increase the electrical conductivity between the NiO active material and Ni foam current collector and to accelerate specific power of the HC cell. Since Ni(OH) 2 shows poor conductivity and CoOOH is good electrical conductor, 3 cobalt modified Ni(OH) 2 positive electrode is practically used in commercial Ni-MH batteries. In this study, cobalt modifying was performed by soaking the NiO(CBD) electrode in a cobalt acetate solution and the following heat treatment. The HRD and specific energy and power of the HC cell with the resultant cobalt modified NiO(CBD) electrode evaluated and compared with those of the HC cell with the nontreated NiO(CBD) electrode.
Experimental

Preparation of positive electrode
The NiO positive electrode was prepared as described previously. 2 Briefly, the deposition bath for CBD was a mixed solution of 2 mL of 25% ammonia water, 8 mL of 1 M nickel sulfate aqueous solution and 10 mL of 0.15 M potassium persulfate aqueous solution. An Ni foam was soaked in the CBD bath at 30°C for 15 min to deposit Ni(OH) 2 particles, then washed with ultrapure water and dried in room temperature. The Co-modifying was performed by soaking the resultant NiO(CBD) electrode into 0.1 M cobalt acetate solution for 5 min, drying for a day and heat-treating at 400°C in air for 1 h. The resultant electrode is called cobalt modified NiO(CBD). For comparison, a commercial sintered Ni(OH) 2 electrode in which Co-coated Ni(OH) 2 active material particles were used was heattreated at 400°C for 1 h in air, which is called NiO(sintered). 2 
Preparation of negative electrode
AC fiber cloth (Gun Ei Chemical Industry Co., LTD, Specific surface area: 1800 m 2 g ¹1 ) was used as the negative electrode. At first the AC fiber cloth was dried in vacuum at 120°C for 10 h. After that, it was soaked into 10 M KOH solution and evacuated to remove air for 1 h. The resultant AC fiber cloth was stuck on a nickel sheet substrate with carbon paste and dried at 60°C for 1 h.
Cell assembly
An HC cell was assembled by using the non-treated NiO(CBD), cobalt modified NiO(CBD) or NiO(sintered) positive electrode and AC negative electrode. The electrolyte solution was 10 M KOH aqueous solution. A sulfonated polypropylene separator was impregnated into 10 M KOH solutions in vacuum for 3 min and placed between the positive and negative electrodes. The layered positive electrode/separator/negative electrode was still put between two acrylate resin plates to fabricate a HC cell, and then it was soaked in 10 M KOH solution. HC cell with the cobalt modified NiO(CBD) electrode used 5.0 mg of cobalt modified NiO(CBD) active material for positive electrode and 8.5 mg of activated carbon for negative electrode.
Electrode characterization
X-ray diffraction spectra of various positive electrodes were
The Electrochemical Society of Japan measured by using X-ray diffractometer (XRD-6100; Shimadzu, 50 kV, 30 mA) equipped with a Cu KA source (K = 0.1541 nm). SEM and EDX mapping images were taken with VE-9800 (Keyence). Electrochemical measurements were done with SI1280B (Solartron). Figure 1 shows SEM images of three NiO positive electrodes. The NiO(sintered) showed a porous sheet structure, while the NiO(CBD) and cobalt modified NiO(CBD) are composed of aggregated NiO particles on the Ni foam. After cobalt modifying, the structure of NiO(CBD) electrode was not changed. Figure 2 shows EDX maps of Ni and cobalt components for the cobalt modified NiO(CBD) electrode. Co was uniformly dispersed on the NiO(CBD). With EDX measurement, the Co content of the cobalt modified NiO(CBD) electrode was estimated to be ca. 20 atomic percentage of Co to Ni. Srinivasan and Weidner suggested that Co was oxidized to Co 3 O 4 during heat treatment at 400°C, so the Co on the NiO active materials exists as a form of Co 3 O 4 . 
Results and Discussions
where C i and C 1 represent discharge capacitances at i mA and 1 mA, respectively. The discharge capacitance at 1 mA of the HC cell with the cobalt modified NiO(CBD) electrode is equivalent to that with Electrochemistry, 81(10), 792794 (2013) the NiO(CBD) electrode. However, the HC cell with the cobalt modified NiO(CBD) electrode showed highest discharge capacitance at higher discharging currents than 1 mA, while that with the NiO(sintered) electrode showed highest HRD and lowest discharge capacitance. The NiO(sintered) electrode is prepared with the commercial Ni(OH) 2 electrode in which cobalt modified Ni(OH) 2 particles were used. So the HRD of both the NiO(sintered) and cobalt modified NiO(CBD) electrodes must be higher than the nonmodified NiO(CBD). From the IR drop of discharge currents, the cell resistances of HCs with the NiO(CBD) and cobalt modified NiO(CBD) were evaluated to be 1.16 and 0.53 ³, respectively, suggesting the decrease in IR drop or the increase in discharge capacitance for the HC cell with the cobalt modified NiO(CBD). Electrochemistry, 81(10), 792794 (2013) 
